Introduction
Since the internationally-implemented changeover from coal gas (sometimes referred to as "Town gas") to natural gas from the late 1950s onwards, 1 natural gas has endured as the domestic fuel of choice for the majority of developed nations across the globe. Domestic gas appliances, however, currently account for a sizeable proportion of the total greenhouse gas emissions worldwide; in the UK, for instance, domestic gas usage contributes approximately 9 % of nationwide carbon dioxide emissions. 2 Additionally, in the USA alone, an estimated four billion cubic metres of natural gas were released into the atmosphere in 2015 due to leakage during transit and storage. 3 As a carbon-free fuel, hydrogen could conceivably provide the solution to fully mitigate these issues, and there is presently a concerted international drive towards the adoption of hydrogen in place of traditional fossil fuels, with particular emphasis on hydrogen-fuelled automotive transport.
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To achieve more widespread incorporation of hydrogen into daily life, however, it is necessary to overcome the pervasive negative public perception regarding the dangers of the gas. 9 Yet the need to substitute conventional fossil fuels is proving ever-more pressing; indeed, if the global average temperature is to increase by no more than 1.5 o C above pre-industrial levels, a key commitment of the Paris Agreement in 2015, 10 the introduction of hydrogen as a domestic fuel may prove essential. Despite the positive environment impact of a changeover from natural gas to hydrogen, the physical properties of hydrogen make it impossible to simply interchange the two gases without a major overhaul of the existing energy network. Such wholesale changes are not without precedent, although the associated economic implications are considerable: during the UK changeover from coal gas to natural gas between 1968 and 1976, for example, the cost of adapting the mains network and modifying approximately 40 million domestic gas appliances 1 totalled an estimated £600 million, 11 equivalent to roughly £2.6 billion in 2017. It is for this reason that while changes to the supply network might be unavoidable for fuels containing high proportions of hydrogen, 12 as far as possible it is prudent to propose modifications to the gas supply which may be employed within the existing infrastructure, especially with regards to the gas appliances inside the homes and businesses of the end-users. The changes should also be practically implementable on a short time-scale, thereby minimising disruption to the energy network. A modern MDPE gas network is capable of supporting low to medium pressure (<10 bar) hydrogen safely and securely, and is installed across most of the modern world where metal pipework has been removed. The issue, however, is the sheer number of gas appliances that would need to be exchanged or altered as they would be incompatible with burning 100 % hydrogen as a fuel. As a "stepping stone" towards a future 100 % hydrogen gas network, hydrogen-enriched natural gas, or HENG, has received significant attention in recent years. Of particular note is the NaturalHy project, a collaborative five-year study that began in 2004 and involved 39 European partners, which investigated the logistical transport, storage and end-usage of HENG;
13 within this project, trials in the Netherlands concluded that compositions of up to 20 mol% hydrogen were compatible with modern domestic natural gas appliances. 14 In order to guarantee the reliable and safe operation of all gas burners, however, it is essential to ensure that neither flashback nor blow-out could occur during a changeover from natural gas to HENG, even in the case of outdated or poorlymaintained appliances. This prerequisite imposes a number of conditions on the implementation of changeover policy: one cannot, for instance, assume that all domestic appliances have been calibrated for optimal natural gas performance, and one must also account for the wide variation in burner architecture. While the empirical results from the NaturalHy project are a useful contribution to the overall discussion on HENG adoption, experimentation on a limited number of wellcalibrated contemporary appliances cannot be viewed as representative of all present-day domestic and commercial burners, and is therefore of limited scope and validity. In conjunction with a review of the relevant combustion theory, the present report delivers a meta-analysis of existing models from the literature to develop a more holistic understanding of the potential challenges of a hypothetical changeover to HENG. Moreover, the study culminates in the estimation of a more realistic limit for the concentration of hydrogen in HENG, imposing the condition that all existing operational appliances continue to function safely and reliably when the proposed quantity of hydrogen is admitted to the fuel mixture. In addition to investigating flame stability for domestic burners over a range of realistic port dimensions, emphasis is placed on the avoidance of instability during extinction of a flame, as well as following ignition. It should be recognised that the analysis focusses solely on the end-use of HENG as a fuel; considerations such as the effect of hydrogen-enrichment on distribution networks are worthy of additional discussion, but are beyond the scope of this study.
Implications of fuel density and energy content
If a gas appliance is to remain usable following the introduction of a new fuel supply, it is imperative that the replacement gas is able to deliver energy at a sufficiently high rate. To this end, one of the most obvious considerations is the calorific content of the gas; a common measurement of this property is the "higher heating value", HHV, defined as the energy released per unit mass when all combustion products are returned to the pre-combustion temperature, typically defined as 25 °C, in contrast to the "lower heating value", LHV, which assumes that all combustion products remain as a vapour at a temperature of 150 °C. 15 In addition to the calorific content of a fuel gas, one must also address the rate of fuel delivery in order to analyse the overall energy output per unit time. According to Bernoulli's Principle, the velocity of gas flow along a pressure gradient is inversely proportional to the square root of the gas density; the overall rate of energy output therefore scales in direct proportion to the "Wobbe Index", WI, often defined as
where SG corresponds to the specific gravity of the fuel. This definition of WI is most commonly used in situations where the latent heat of water vapour in the flue gas is recovered through condensation at the point of application, such as in a condensing boiler. 20 Alternatively, if combustion products are cooled further downstream and the latent heat is therefore not recovered at the point of application, it may be more appropriate to employ the LHV of the fuel in place of HHV in (1); 21 for the purposes of this study, however, the quoted form of (1) is to be employed. Due to the relatively low density of hydrogen in comparison to natural gas, the Wobbe Indices of the two gases differ less significantly than their HHV and LHV values; by implementing the HHV values quoted previously, in conjunction with a typical natural gas composition quoted elsewhere, 16 values of 55.4 MJ Nm -3 and 48.6 MJ Nm -3 may be assigned to natural gas and hydrogen, respectively. This composition of natural gas is to be assumed for the remainder of the present investigation, unless stated otherwise.
Having identified the WI values of the individual constituent gases, it is possible to evaluate WI for HENG of varying molar hydrogen percentage, P H2 , as depicted in Fig. 1 . In order to determine a maximum practicable hydrogen percentage, a value of 51 MJ Nm -3 has been assumed for the WI of unblended natural gas, which has been recently identified as a characteristic lower bound for natural gas supplied within several European countries, including the UK. 22 Due to the square root dependence between WI and SG, the form of the relationship between WI and P H2 is only weakly affected by Fig. 1 Variation of the Wobbe Index, WI, defined using the higher heating value of the fuel, as a function of molar hydrogen percentage, PH2, in HENG. Also shown is the legal threshold of WI imposed by the Gas Safety (Management) Regulations (GS(M)R) defined in 1996, plotted as a dashed line; this limit exists to eliminate the possibility of flame blow-off in the case of unblended natural gas, but a lower threshold may be appropriate in the case of HENG fuel due to the flame-stabilising effect of hydrogenenrichment.
variations in SG resulting from differences in natural gas composition; it is therefore sufficient to assume an appropriate typical value of SG from the literature.
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According to the legal threshold imposed by Gas Safety (Management) Regulations (abbreviated to GS(M)R) laid out in 1996, modern H-band appliances in the UK must be supplied with fuel of WI value no lower than 49.75 MJ Nm -3 ; 22 this limit has been plotted as a dashed line on the plot, and indicates that P H2 values of less than approximately 10% are required to satisfy the specification. Despite the restriction on P H2 imposed by present UK legislation, it will later be shown that while the mandated threshold of WI is necessary for unblended natural gas to prevent flame lifting, 23,24 hydrogen-enrichment actually serves to suppress this phenomenon; it is likely, therefore, that present-day appliances would be compatible with HENG fuels exhibiting much lower WI values than the limit set by current regulations. One must note, however, that since a decreased value of WI corresponds to a lower energy output per unit time, there must still exist a value of P H2 above which an appliance will cease to function satisfactorily. It has been argued elsewhere that the WI value of a HENG supply should be no lower than the minimum value of the European H-band distribution, equal to 48.17 MJ Nm -3 , else end-users would not receive the minimum energy output promised by their energy supplier. 25 Adopting this requirement, and assuming a minimum WI value of 51 MJ Nm -3 for unblended natural gas, as before, Fig. 1 predicts that P H2 should be no greater than 23.4 mol%; this limit should be treated with caution, however, due to the arbitrary nature of the selected WI limit when applied to fuels other than unblended natural gas. The low density and calorific content of hydrogen, relative to natural gas, has further consequences on the practicability of HENG. As the primary motivation behind the proposed adoption of HENG, the reduction in carbon dioxide output is clearly worthy of investigation. It is important to recognise that whilst there is a linear decrease in the volume of generated carbon dioxide per mole of fuel as a function of P H2 , this is not an adequate measure of carbon dioxide emission based on daily fuel usage; instead, it is more appropriate to consider the volume of carbon dioxide produced per unit of energy used, as a fuel of low calorific value must be combusted in higher volumetric quantities than a more energy-rich fuel to complete a given task. Alternatively, in some applications it may be suitable to assess energy usage based on the allocated time for a particular process: a consumer might, for example, elect to heat a frying pan for the same duration regardless of the fuel supplied to their gas stove, despite the disparity in the total energy supplied by two dissimilar fuels over that time period. The differences between these two measures are of real-world importance, especially given the wide variation in domestic cooking practices, 26 so it is instructive to explore the carbon dioxide savings for both possibilities.
In the case of a process for which there is a requisite amount of energy, the relationship between P H2 and the total moles of carbon dioxide emitted by combusted HENG, n CO2 , is governed by the heating value of the gas mixture; Fig. 2 shows that although the value of n CO2 (which has been normalised with respect to n CO2 (0), the moles of carbon dioxide emitted in the case of unblended natural gas) decreases as a function of P H2 , the rate of decrease is suppressed by the higher quantity of fuel needed to achieve the same energy output as a given volume of natural gas. By contrast, if one were to carry out a heating application for a fixed amount of time, while ignoring the overall energy usage, the carbon dioxide emission is instead dependent on the rate of fuel injection into the appliance.
Employing Bernoulli's Principle as before, a higher volume of HENG is admitted than natural gas during a given time period Fig. 2 Relationship between the volume of carbon dioxide generation per unit volume of fuel, nCO2, and the molar hydrogen percentage in HENG, PH2, assuming that the combustion processes require either a fixed amount of energy (solid line) or a fixed duration (dashed line). The y-axis has been normalised with respect to nCO2(0), the carbon dioxide generated by unblended natural gas. due to its lower density, which serves to counteract the reduction in carbon dioxide production during a "constant time" procedure; it is evident from Fig. 2 , however, that increasing P H2 for such a process still yields a greater decrease in n CO2 than in the case of a "constant energy" procedure using the same fuel. The two curves in Fig. 2 are useful in that they represent the two extremes of domestic energy usage: in reality, the enrichment of natural gas by hydrogen might warrant an increase in the duration of a heating process, but not insofar as the total energy required remains unchanged. In other words, the two curves in Fig. 2 impose upper and lower limits on the achievable reduction in carbon dioxide emission for each composition of HENG.
Another important property of a domestic fuel is its cost. Presently, much of the hydrogen produced worldwide is generated through steam reforming of low-molecular weight hydrocarbons present in natural gas, a process which almost unavoidably increases the unit price of hydrogen relative to the natural gas from which it is synthesised. Based on the current cost of hydrogen manufactured through steam reforming 27 and the mean wholesale natural gas price in the UK during the first quarter of 2017, a switchover from natural gas to pure hydrogen would be expected to approximately double the price of fuel per unit energy, increasing from 1.63 p (kW h) -1 for natural gas to 3.23 p (kW h) -1 for hydrogen; these values are consistent with the typical price relationship between natural gas and hydrogen, with the latter historically produced through steam reforming at approximately 2.2 times the cost of natural gas. 28 It is essential to recognise, however, that while the cost of HENG scales as a linear function of P H2 in the case of "constant energy" processes, if one assumes a fixed time for a given task then the relationship is more complicated: in this case, the total amount of energy used per unit time depends on both the density of the fuel gas and its calorific content, and the cost of operating an appliance for a given duration therefore also depends on these two properties.
As shown by Fig. 3 , while the assumption of constant energy usage yields a linear relationship between P H2 and the average annual wholesale fuel cost per household in the UK, C typ , a much lower rate of increase is predicted for processes which are carried out for a fixed period of time. The present-day average annual wholesale cost of natural gas per UK household has been estimated based on a typical gas consumption of 14,263 kW h per annum, 29 in conjunction with the mean wholesale price of natural gas from the first quarter of 2017, as quoted previously. In an analogous manner to Fig.  2 , the total expenditure for a real-world household would likely have a value somewhere between the limits imposed by the two regimes represented in the plot. It is important to recognise that the trends in Fig. 3 do not account for the future trend of energy prices; it is probable that as the use of hydrogen becomes more mainstream, driving increased investment into the development of more sustainable hydrogen sources such as renewably-powered electrolysis [30] [31] [32] or solar harvesting, [33] [34] [35] [36] [37] [38] its unit cost will decrease. Conversely, the unit price of natural gas will foreseeably increase in coming years as it becomes more difficult and less economically-viable to locate and extract.
Influence of hydrogen-enrichment on flame speed and equivalence ratio
In order to operate reliably following a switchover of the network gas supply, an appliance which has been calibrated for unblended natural gas must continue to operate safely and reliably despite the disparate properties of the newly-adopted fuel. In the case of HENG, the presence of hydrogen has a profound effect on the dynamics of appliance operation both at the point of injection and within the flame. To fully understand the consequences of hydrogen-enrichment, it is therefore essential to develop a detailed understanding of the physics throughout an archetypal burner system. The burners to be treated in the upcoming analysis are of the atmospheric, or "natural-draught", type, wherein air is entrained into the system by the flow of injected fuel, ignoring "forced-draught" or "induced-draught" appliances which utilise fan-assistance to moderate the flow of air into the system. 40-42 However, it is to be reasoned later that the rate of air intake is approximately independent of fuel composition in natural-draught burners, so the results of the analysis are also applicable to fan-assisted appliances, which also maintain a constant flow of air regardless of the nature of the fuel.
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As a simple example of domestic burner architecture, a representative atmospheric, self-aspirating gas stove is illustrated schematically in Fig. 4 . After the fuel is admitted through a narrow injector nozzle, it spreads upwards towards the top burner plate. As it does so, air from outside the burner housing is entrained by the fuel through the air intake ports, and subsequently mixes with the fuel; this air is referred to as the "primary air", in contrast to the "secondary air" which enters the mixture at the flame front. 43, 44 Please do not adjust margins Please do not adjust margins Fig. 4 An illustration of the flow of fuel and air inside a typical domestic burner. Air is drawn in through aeration ports due to entrainment by the fuel flow, while additional air enters the air/fuel mixture through the flame front; these contributions to the total quantity of air are termed the "primary" and "secondary" air, respectively.
The rate of primary aeration is dependent on a plethora of factors, including the diameter of the intake ports, fuel injector size, and the precise shape of the burner housing, but these parameters may be neglected if one assumes that the setup remains unchanged as the fuel composition is altered. It may be shown that for sufficiently high rates of fuel injection, the flow rate of entrained air varies in direct proportion to both the fuel injection velocity 44 and the square root of fuel density. [44] [45] [46] These contributions to the rate of air entrainment cancel each other out, however, since, in accordance with Bernoulli's Principle, the rate of fuel injection is inversely proportional to the square root of fuel density. If all other factors are held constant, the rate of primary air flow therefore remains unchanged as the value of P H2 is increased; this constant flow rate of primary air shall henceforth be referred to as r a .
Although the rate of air entrained by the injected fuel is independent of the fuel composition, the amount of oxygen required for complete combustion of the fuel varies as a function of P H2 ; more specifically, stoichiometric combustion of hydrogen requires approximately twenty times less oxygen than the same volume of natural gas, resulting in an enhanced surplus of air as P H2 is increased. The simultaneous change in the rate of fuel injection acts to oppose this effect, however: due to the low density of hydrogen relative to natural gas, increased hydrogen-enrichment leads to a higher rate of fuel flow into the system as a consequence of Bernoulli's Principle.
To evaluate the rate of air flow in relation to the oxygenrequirements of the fuel, it is useful to employ the "primary air fraction", λ(P H2 ), defined as the ratio of r a to the total air flow required for complete combustion of the HENG fuel, r a,stoich (P H2 ). Combining the considerations above, one may express λ(P H2 ) as
where n a,stoich (P H2 ) denotes the molar stoichiometric ratio of air to fuel at a molar hydrogen percentage P H2 , and SG(P H2 ) is the specific gravity of the fuel. By expressing λ(P H2 ) in this way, it may be readily evaluated for any value of P H2 , provided that the value of λ for the unblended natural gas, λ(0), is known. 0), and shows that the combination of oxygenrequirement and fuel injection velocity leads to a gradual shift towards higher λ as P H2 is increased. Having approximated the relationship between λ and P H2 , it is now possible to explore the effects of hydrogen-enrichment on the combustion dynamics of the air/fuel mixture. In order to determine the theoretical stability of the HENG flame, it is first necessary to predict the variation of burning velocity as a function of both P H2 and λ. Within the literature there are many models for the dependence of flame velocity on these two quantities, but the complexity of the system is such that the resulting formulae are often empirical in nature. [47] [48] [49] [50] [51] [52] [53] [54] It is also important to note that such models are usually applicable only to laminar flames resulting from Poiseuille flow, as opposed to turbulent flames which form when the Reynold's Number exceeds a value of approximately 2,000; 55 this assumption is appropriate, however, as domestic burners generally operate within the laminar regime. For the present treatment, equations based on the formulation by Dong et al. 47 are to be employed: through analysis of their own research alongside existing work, the authors showed that the laminar burning velocities of unblended natural gas and hydrogen, denoted S L (0) and S L (100), respectively, are well-approximated by the equations
and
for ϕ values in the range 0.8-2.1, where ϕ is known as the "equivalence ratio" of the air/fuel mixture, defined as the molar fuel-to-air ratio divided by the stoichiometric molar fuelto-air ratio required for complete fuel combustion. The parameters A NG , B NG , C NG and D NG in (3) are constants of value 7.5x10 -3 , 0.13520, 1.04072 and 0.34623, respectively, while 0), which corresponds to the value of λ for unblended natural gas, for which the appliance is assumed to be calibrated. (P H2 ) given by (5) is plotted in Fig. 6 , which shows the enhanced magnitude of the laminar burning velocity as P H2 is increased; despite the relatively high S L value of hydrogen, however, Fig.  6 indicates that there is only a gradual increase in S L for P H2 values below 50 mol%. An interesting consequence of (5) is that S L is independent of the dimensions of the burner port.
Using (3)- (5) in conjunction with the relationship between λ and P H2 given by (2), it is possible to determine how the flame speed varies as a function of P H2 for any starting ϕ value in the range for which (3)-(5) are valid. As a result of the relatively high burning velocity of hydrogen gas, the magnitude of S L at a given starting value of ϕ increases rapidly as a function of P H2 ; one should recall, however, that the low oxygen-requirement of hydrogen combustion acts to simultaneously decrease ϕ, as indicated by the dashed lines in Fig. 6 .
Measures of flame stability
Using the empirical relationships between S L , P H2 and ϕ, the Empirical relationship between laminar burning velocity, SL, and equivalence ratio, ϕ, for a range of PH2 values. Assuming that the fuel composition is altered without modification of the appliance calibration, ϕ decreases as PH2 is increased; the simultaneous change in SL and ϕ has been plotted as a dashed line for different values of λ(0), as annotated on the plot, while a solid line follows the SL(ϕ) curve of the calibration gas, assumed to be unblended natural gas.
stability of a HENG flame may be characterised by considering the processes of flash-back and blow-off. It is qualitatively instructive to regard these two phenomena as opposite extremes of burner operation: air/fuel mixture entering the burner port at too high a velocity may cause the flame to extinguish as it is lifted, or "blown-off", from the port, while if the velocity is too low the flame may "flash-back" into the unburned air/fuel mixture, potentially leading to an explosion. Due to the physical complexity of these processes, researchers often model such behaviour using empirical formulations; one notable example from the early-1950s are the Weaver Indices, a set of experimentally-justified variables which define the flash-back and blow-off propensities of different air/fuel mixtures.
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As research into combustion dynamics has progressed, however, it has become necessary to investigate the onset of instability in a less empirical manner, accounting for factors such as the composition of the fuel in question.
As a starting point for modern physical treatments of flashback and blow-off, it is common for researchers to evaluate the susceptibility of an air/fuel mixture to these phenomena by comparing the characteristic flow time of the system, τ af , to the characteristic time of reaction, τ r ; the ratio of these quantities is known as the "Damköhler Index", DI.
57-59 It may be shown that for a mixture of mean flow speed v af , thermal diffusivity α af , and laminar burning velocity S L , the characteristic flow and reaction times for a port of diameter d port are given by
respectively, 59-61 so DI may be expressed as
It is also helpful to note that α af is related to the mixture's specific heat capacity, C p,af , density, ρ af , and thermal conductivity, k af , via the equation
For the purposes of the present analysis, the specific heat capacity, density and thermal conductivity of the fuel are to be estimated from the compositionally-weighted average of each quantity. An air/fuel mixture with a critically low DI value is liable to flash-back due to the high rate of reaction relative to the flow rate of fuel and air into the burner port, while a critically high DI value signifies a mixture which may blow-off as a result of fuel entering the port more rapidly than it can be combusted.
Another important quantity in the discussion of flame stability is the "Lewis Number", Le, defined as the ratio of the thermal diffusivity to the mass diffusivity of the air/fuel mixture; this variable may therefore be expressed as 63 Please do not adjust margins Please do not adjust margins
where D af is the mass diffusivity of the air/fuel mixture. It should be noted that (10) is valid only when a singlecomponent fuel is used. In the case of gas mixtures such as HENG, it is necessary instead to adopt an average of the individual Le values of the constituents, weighted by factors such as the weight fraction of the component and its specific heat capacity. [63] [64] [65] The value of Le is instructive as it indicates the propensity of a flame to develop "cellular instabilities" resulting from excessive mass diffusivity or insufficient thermal diffusivity within the air/fuel mixture; a value of Le less than unity is typically associated with such instabilities, 63-66 and the "onset of cellularity" is defined as the value of flame stretch rate below which rapid acceleration of the flame front occurs.
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In the case of HENG, it has been shown that while increased hydrogen-enrichment leads to a decrease in Le for fuel-lean flames (a ϕ value less than one), the reverse is true in the fuelrich regime, 64 resulting in decreased susceptibility of the flame to cellularity; since typical domestic burners operate at ϕ values greater than one, the phenomenon of cellular instability is likely to be suppressed by hydrogen-enrichment of domestic natural gas. For the purposes of assessing the limitations of hydrogen-enrichment, it is therefore not necessary to address the onset of cellularity any further.
Returning to the concept of flash-back, it is instructive to consider a formulation introduced by Putnam and Jensen, 62 who proposed that the onset of flash-back may be defined by the "Peclet Numbers", Pe r and Pe af , given by the equations
where v af,F denotes the v af value of the air/fuel mixture at the onset of flash-back. The authors showed that the flash-back propensity of a given fuel may then be approximated using the relationship between Pe r and Pe af , which has the form
where K is a fuel-dependent constant, and the final approximation holds when K/Pe r is much less than one. Assuming that this condition is satisfied, one obtains the equation
which, when combined with (3)-(5), allows the onset of flashback to be predicted across a range of v af values, and for different molar ratios of air to fuel. It is evident from (14) that increasing the magnitude of K results in a decrease in the value of v af,F for given S L , thereby lowering the susceptibility of the system to flash-back. As detailed in the publication by Putnam and Jensen, the derivation of (13) is underpinned by the use of the "boundary velocity gradient", g, to define the critical points of flash-back or blow-off, which may be estimated from measurements of the observed angle between the flame front and the axis of the burner port; 67 the critical value of g at which flash-back occurs is typically denoted g F , while g B represents the corresponding value for blow-off. By adopting a similar approach, a later study by Reed 68 showed that provided the air/fuel mixture is not too fuel-rich, g B may be approximated as
where A is a constant equal to zero or one for fuel-lean and fuel-rich mixtures, respectively, and Z denotes the concentration of fuel as a fraction of the fuel concentration in a stoichiometric air/fuel mixture; employing the same notation as used previously in (2), this quantity may be written explicitly as
where n a denotes the molar air-to-fuel ratio present within the air/fuel mixture. Since g is dependent on the precise shape of the flame, it is also in turn a function of the geometry and dimensions of the burner port. To approximate a real-world burner, it is therefore common for models to assume the simple case of circular burner ports, for which it may be shown that
From (15), (17) allows the value of v af at the onset of blow-off, v af,B , to be written as
where it has been assumed that the mixture is fuel-rich, and therefore possesses a Z value greater than one. Unfortunately, the relationship between g B and Z given by (15) is only valid when Z is less than 1.36, and is therefore inappropriate for air/fuel mixtures within typical real-world burners; in the case of a natural gas burner operating within a λ range of 0.4-0.6, for example, Z has corresponding values between 1.57 and 2.21. To overcome the limitations of Reed's model, it is helpful to consult an empirical methodology developed by van Krevelen and Chermin. 69 Within this scheme, the Z-dependence of g F is characterised for different mixed fuels by just a few defining parameters of the flash-back measurements, namely the maximum g F value, g F,max , the Z value at the g F peak, Z max , and the width of the g F (Z) curve, σ, which the authors normalise with respect to the width of the g F (Z) curve of methane. Please do not adjust margins
Please do not adjust margins at which g B equals g F,max , and the value of g B when Z equals Z max . For ease of comparison between different fuel mixtures, g and Z are subsequently rescaled to the unitless "reduced" variables g R and Z R , respectively, using the equations
By rescaling in this way, the flash-back curves of different fuelmixtures are set equal, allowing facile comparison of the blowoff behaviour. As an example of their technique, the authors plot the g R (Z R ) relationships of different mixtures of methane and hydrogen, and show the rapid increase in the value of g B as the proportion of hydrogen within the mixture is elevated. Despite the apparent usefulness of their rescaling method, van Krevelen and Chermin do not employ analytic functions of g B (Z) and g F (Z) within their study; instead, they simply plot empirical fitting curves through compiled measurements of these two quantities. For the purposes of the present analysis, however, it is necessary to obtain such analytic relationships so that the effects of hydrogen-enrichment on both flash-back and blow-off may be properly explored. To this end, (19) and (20) may be used to plot the rescaled form of g F (Z) for different P H2 values based on the equation
which follows directly from combining (14) with (17). In contrast to the van Krevelen and Chermin work, g F (Z) becomes progressively more asymmetrical as P H2 is increased, and it is therefore not possible to rescale the flash-back curves so that they exactly coincide; due to this difficulty in defining an appropriate values for the width of the g F (Z) peak, the σ values of pure methane and hydrogen are to be set equal to 1.00 and 0.46, respectively, as in the work by van Krevelen and Chermin, while σ is to be calculated for intermediate mixtures by taking a weighted average of the σ estimates for the two component gases with respect to P H2 . To develop an equation for g B (Z), the form of (15) is considered further. Although, as discussed, this expression is not suitable for the present purpose, it is likely that a more appropriate formula must still exhibit some dependence on the variables included in (15), namely S L and α af . Assuming that g B retains a power-dependence on these quantities, and further recognising that the dimensional requirements of the fitting equation remain the same as in (15), one may write
where n has a value between zero and one, g const is a constant with the same units as g B , and any additional, explicit Z-dependence has been neglected. By combining the considerations discussed, approximate relationships between g F and Z have been calculated and plotted in Fig. 7b , following the rescaling of g and Z to their reduced counterparts in Fig. 7a . In the case of flash-back, the constant K in (21) has been assigned a value such that g F,max becomes approximately 400 s -1 for unblended natural gas, 69 and it has been assumed that this value remains valid over the P H2 range considered. For the onset of blow-off, the rescaled g B (Z) curve of pure methane from Fig. 3 of the study by van Krevelen and Chermin has been plotted directly, while curves corresponding to non-zero values of P H2 have been constructed by adjusting the g B (Z) curve of methane according to (22) , using an n value of 0.25; although there was little physical justification for this fitting equation, over a P H2 range of 0-50 mol% the rescaled g B (Z) relationships plotted in Fig. 7 are closely consistent with the corresponding curves in Fig. 3 of the work by van Krevelen and Chermin. It is clear from Fig. 7 that while hydrogen-enrichment Fig. 7 The fuel concentration-dependence of the logarithmic critical boundary velocity gradients of blow-off and flash-back, over a range of PH2 values; in (a), the ratio of fuel concentration to the stoichiometric fuel concentration, Z, has been "reduced" to a new variable, ZR, using (19), while the boundary velocity gradient, g, has been similarly rescaled to a unitless quantity, gR, through use of (18). The corresponding logarithmic plot of g as a function of Z is shown in (b). In each of the plots, the regions of blow-off and flash-back, which are located above the gB(Z) or gB,R(Z) curve and below the gF(Z) or gF,R(Z) curve, respectively, have been labelled accordingly, in addition to the region corresponding to a stable flame. The variations of Z and ZR with changing PH2 are indicated by dashed lines for different values of λ(0), while the flash-back and blow-off onset curves for normal appliance operation, wherein unblended natural gas is injected as the fuel, are each plotted as a solid black line.
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Please do not adjust margins diminishes the propensity of blow-off, the region of parameter-space over which flash-back may occur is simultaneously enlarged. Further lifting and flash-back stability may be afforded through the use of flame swirl, as employed in so-called "swirl burners"; within these appliances, a tangential velocity component is imparted to the flame through adjustment of the shape and angle of the burner ports, thereby forming a vortex which acts to enhance flame stability by recirculating unreacted species and increasing their residence time within the flame.
71-75 However, while these burner architectures are mentioned for the purpose of completeness, the present analysis focusses on the zero-swirl scenario as this represents the "worst-case" situation for flame stability.
Effect of hydrogen-enrichment on the onsets of flash-back and blow-off
The results of Fig. 7 provide the information necessary to predict the onsets of flash-back and blow-off as a function of λ and the rate of energy flow through the burner port, q port ; knowledge of these relationships is imperative for reliable and safe appliance operation. Before addressing the effects of hydrogen-enrichment, however, it is prudent to first evaluate the regimes of flame stability in the case of unblended natural gas, and to explore the effects of changing the port diameter,
Although the calibrated value of both λ and q port may vary between appliances, the ports of a residential cooktop burner are typically designed so that an energy flow of at least 10 kBtu h -1 in -2 passes through each of them, 76 while the maximum flow rate is typically up to 3.4 times this value. 77 
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To illustrate the conditions expected during normal operation, the coloured dashed lines in Fig. 8 mark the boundaries of the range of q port values identified for typical domestic burners.
While the avoidance of flash-back remains the most important safety consideration during burner design, it is clear from Fig. 8 that there is little risk of this phenomenon occurring in the case of a typical domestic burner fuelled with unblended natural gas: the conditions required for flash-back are situated within a small region labelled "F" in the upper-left of the plot, far from the normal operating parameters of a characteristic appliance. By contrast, poor management of the air-intake may realistically result in blow-off, with λ values significantly greater than around 0.6 resulting in this form of flame instability. As mentioned previously, this propensity for blow-off is the primary motivation for current legislation which imposes a lower threshold on the value of WI: natural gas with a low WI value, such as so-called Groningen gas, or "Ggas", 23,48 commonly contains a high proportion of nitrogen, which lowers the oxygen-requirement of the fuel and thereby , while the regions corresponding to stable and blown-off flames are labelled "S" and "B", respectively. Flash-back occurs for flames with λ and qport values in the small region labelled "F" in the upper-left of the plot.
increases the value of λ, in turn enhancing the risk of blow-off. A third phenomenon known as "yellow-tipping" may also occur at very low values of λ due to the scarcity of oxygen for combustion;
79,80 this effect, however, typically occurs well below the range of λ values depicted in Fig. 8 . As a consequence of the high laminar burning velocity of hydrogen, it is tempting to assume that the squared dependence of g F on S L in (21) might elevate the risk of flashback as P H2 is increased; it is shown by Fig. 6 , however, that S L changes only modestly for P H2 values in the range 0-50 mol%, the peak value of S L increasing by just 41 % as P H2 is raised from zero to 50 mol%. As shown by Fig. 9 , which plots the calculated onsets of flash-back and blow-off as a function of λ, q port , and P H2 , but a constant d port value of 3.5 mm, this small variation in S L indeed translates to an almost insignificant shift in the onset of flash-back over the P H2 range considered, suggesting that up to half of the natural gas may be substituted for hydrogen without any appreciable detriment to the safety of appliance operation. Moreover, as acknowledged previously, the presence of hydrogen in the fuel serves to shift the onset of blow-off to higher values of λ, potentially facilitating the use of natural gas of lower Wobbe Index.
Whilst hydrogen addition acts to both increase λ and decrease q port , these changes only result in a small deviation of the burner operating conditions towards the flash-back region of Fig. 9 ; as an illustration of this point, the effect of changing P H2 has been plotted for a natural gas appliance calibrated to a λ value of 0.7 and an energy flow rate through the port of 10 kBtu h -1 in -2 , which represent extreme limits of burner operation. It should be noted that while the viscosity variation resulting from hydrogen-enrichment ought to be addressed when calculating the changing value of q port as a function of P H2 , it has been shown experimentally that the viscosity Fig. 9 Estimated flash-back and blow-off onsets as a function of PH2 for a circular port of diameter 3.5 mm. The regions corresponding to stable and blown-off flames are labelled "S" and "B", respectively, while the region of flash-back is denoted "F". The window of normal appliance operation for unblended natural gas is defined by the two dashed black lines, which correspond to energy flow rates of 10 kBtu h -1 in -2 and 34
. The plot shows a significant upwards shift in the onset of blow-off as PH2 is increased, indicating that this phenomenon is suppressed by hydrogen-enrichment. Whilst an increase in the value of PH2 leads to an enlargement of the flash-back region, the effect is sufficiently small that there remains negligible risk of flash-back; to illustrate this assertion, the progression of operating conditions as PH2 increases from zero to 50 mol% is plotted as a solid black line for the extreme case of a burner operating at minimum qport and a λ value of 0.7, with an arrow indicating the direction of the change.
remains approximately constant for P H2 values below 50 mol%.
81 Besides blow-off and flash-back considerations, the increase in λ resulting from hydrogen-enrichment also acts to suppress yellow-tipping.
Behaviour of the HENG flame at extinction
In the previous section, the reliability of burner operation was discussed in relation to the stability of the HENG flame, and it was shown that while flash-back would become a more significant consideration following hydrogen-enrichment, it would nonetheless remain an unrealistic concern for typical domestic appliances. To ensure complete safety of the burner, however, it is necessary to evaluate the stability of the flame not only following ignition, but also during flame extinction, when the flow of fuel gas is terminated. More specifically, it is vital that the sudden decrease in the value of q port during shutoff does not instigate flash-back into the body of the burner; 82,83 rather, the flame should be "quenched" at the burner head as a result of efficient heat transfer to the walls of the port. As in the discussion regarding flame stability at ignition, the properties of a flame at extinction may be modelled with regards to the physical properties of the burned and unburned air/fuel mixture. 84 Such models typically follow the work of Friedman, 85 who posited that for a circular port, the maximum port diameter at which a flame may be successfully quenched, otherwise known as the "quenching distance", d quench , is related to the physical characteristics of the mixture according to the equation
where f is a constant dependent on the geometry of the port, T ad is the adiabatic flame temperature, T af is the temperature of the unburned air/fuel mixture, and T ig is the so-called "ignition temperature". It is worth noting that the left-hand side of (23) has a similar form to the definition of the Peclet Number Pe r given in (11), with d port substituted for d quench ; for simplicity, therefore, the quantity on the left-hand side of (23) shall be henceforth referenced as a new Peclet Number, Pe quench . If one assumes that T ig scales in direct proportion to T ad and T ad is much larger than T af , it is possible to employ the approximation
This simplification of (23) has been derived in alternative ways by authors such as Ballal and Lefebvre, 86 who showed that the approximation is valid when v af is much less than S L , a regime entered by the system as the flow of fuel is decreased to zero. One should acknowledge that while (24) is a useful approximation for qualitative discussion, the conditions required for its implementation are often not realised in practice; it has been demonstrated, for example, that an increase in the temperature of the burner wall may lead to a significant decrease in the value of d quench . 87 Despite this limitation, it has been shown within the literature that provided the flame stretch rate is sufficiently low, the flame temperature does not vary significantly during hydrogenenrichment of natural gas, 58,88 allowing one to assume a similar burner temperature for different HENG compositions. It follows that while the precise value of d quench for a given composition is subject to error due to the effect of burner temperature, the trend in d quench as a function of P H2 may be quantitatively assessed. By using (24) to estimate the variation in Pe quench as a function of P H2 and Z, the effect of hydrogen-enrichment on d quench may be determined. For the present analysis, a value of 46 was selected for Pe quench , in accordance with the estimate from Putnam and Jensen. Fig. 10 plots the value of d quench as Z is varied, with the trend plotted over a range of P H2 values; the upper limit of d port is shown to increase rapidly as the air/fuel mixture becomes more fuel-rich, which may be attributed to the corresponding increase in the burning velocity, S L . For a given value of d port , therefore, a lower bound is placed on the usable Z range: mixtures with a Z value less than this threshold may produce a stable flame upon ignition, but the flame is liable to flash-back during its extinction.
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Please do not adjust margins Fig. 10 Relationship between quenching distance, dquench, and fuel concentration as a fraction of stoichiometric, Z, for different molar percentages of hydrogen, PH2; the curve corresponding to unblended natural gas is plotted as a solid black line. Assuming that the system is calibrated to provide a primary fraction λ(0) for unblended natural gas, the value of Z varies with hydrogen-enrichment due to the resulting decrease in the oxygen-requirement for complete combustion, as well as the decreasing ratio of primary air flow rate to the rate of fuel injection; the simultaneous changes in Z and dquench as a function of PH2 are plotted as dashed black lines for different values of λ(0).
As the proportion of hydrogen present in the HENG fuel is increased, the resulting decrease in d quench may result in d port becoming too large for the burner to successfully quench the flame during shut-off; this problem is exacerbated by the decrease in Z following hydrogen-enrichment, as indicated by the dashed lines in the plot. It should be recognised that while the minimum of the curve for unblended natural gas (plotted as a solid black line) is lower than the value of 3.5 mm reported elsewhere in the literature, 55, 82 this value is subject to variability due to the real-world variance of natural gas composition, as well as the aforementioned effect of burner temperature. It is clear from Fig. 10 that in addition to the diameter of the burner port, the maximum viable hydrogen concentration is also dependent on the quantity of air in the system. In turn, there is a practical upper limit to the rate of primary air entrainment into a given burner, as excessive primary air may instigate blow-off upon ignition. It is therefore instructive to characterise the maximum value of λ as a function of d port , using Fig. 8 as a reference; it is to be assumed during this analysis that the burner is calibrated for unblended natural gas and operates at energy flow rates in the range 10-34 kBtu h -1 in -2 , as defined previously. It is to be further assumed that a satisfactorily-operating burner must avoid blow-off throughout this range. From Fig. 11 , which depicts the maximum value of λ as a function of d port for diameters in the range 2.5-5.0 mm, an appliance with ports below 3.5 mm in diameter remains stable provided that λ is calibrated to a value less than approximately 0.6. Having estimated a realistic upper-bound for λ(0) as a function of d port , one may subsequently evaluate the maximum achievable value of P H2 based on the relationships between d quench and Z depicted in Fig. 10 : as mentioned previously, Fig. 11 Variation of the primary air fraction blow-off limit for unblended natural gas, λ(0), as a function of port diameter, dport , during normal operation of a household cooktop burner. While a burner configured with dport equal to 5 mm may support a λ value of almost 0.7 over its entire operating range, a λ value of less than 0.6 is more appropriate for an appliance possessing a more typical port setup with dport in the range 2.5-3.5 mm.
d quench must remain greater than d port if flash-back upon extinction is to be reliably avoided. In Fig. 12 , this flash-backimposed limit on P H2 , denoted P H2,max , has been plotted as a function of d port for a λ(0) range between 0.5 and 0.7; displayed also, as a dashed line, is the constraint on λ(0) estimated from Fig. 11 , required to ensure that blow-off does not occur during burner operation. Assuming once more that appliances adopt d port values in the range 2.5-3.5 mm, Fig. 12 indicates that up to 34.7 mol% of domestic natural gas may be feasibly substituted for hydrogen without any adverse effects on the reliability or safety of burner operation; this conclusion The maximum achievable value of λ(0) has been estimated from the onset of blow-off as a function of dport, as depicted in Fig. 11 , and has been subsequently used to plot an upper constraint on PH2,max for each value of dport; this relationship is displayed as a dashed black line. For ports of diameter less than 3.5 mm, the plot indicates that up to 34.7 mol% hydrogen may be incorporated into the fuel without the occurrence of flame blow-off or flash-back upon extinction. Please do not adjust margins
Please do not adjust margins complements and expands upon the findings of the aforementioned NaturalHy Project, which demonstrated the compatibility of real-world domestic boilers with HENG containing up to 20 mol% hydrogen.
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While the stability of a burner flame has been related to a range of conditions defined as "normal" for a typical household appliance, it is worth additionally considering the behaviour of a burner which deviates from these parameters. Indeed, even in the case of a well-maintained appliance, there exist circumstances under which the value of q port might decrease to a value outside the expected range; for example, although natural gas is typically supplied to UK homes at a pressure of 21 mbar, 90 a fault such as a leak could result in a lower supply pressure and a corresponding decrease in the rate of fuel injection. In the case of a set of cooktop burners, a transient decrease in supply pressure may also occur at turnon of a burner, momentarily decreasing the value of q port for an existing burner flame. When assessing the viability of a particular fuel, it is therefore important to evaluate not only the flame stability under normal conditions, but also the behaviour during periods of sub-optimal operation. For this reason, while a parameter constraint estimated from stability diagrams provides a useful theoretical limit for reliable burner operation, a "safety margin" should be included when deciding upon a practical constraint based on this predicted limit. One example of this principle is provided in an early study by Eiseman, Weaver and Smith, who suggested that λ should be maintained to at least 10 % below the value at onset of flashback or blow-off, in addition to ensuring that q port is set at least 10 % from these regions of flame instability.
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In terms of the present investigation, it is thus suggested that a more conservative limit be placed on P H2 than the estimated upper bound of 34.7 mol%. According to the results displayed in Fig. 12 , a value of 30 mol% would be compatible with burner ports up to approximately 3.8 mm in diameter, providing an appropriate margin of safety for port diameters within the characteristic 2.5-3.5 mm range. By selecting a value of P H2 less than the theoretical maximum, one also allows for a small decrease in q port due to a reduction in fuel supply pressure, either as a result of a fault within the infrastructure or as a transient decrease at turn-on of a second burner.
Although the stability of a characteristic household burner has been verified for P H2 values as high as 30 mol%, it is important to recall the energy output of a given appliance; in particular, it was earlier stipulated that WI should remain above the minimum value of the European H-band distribution, set at 48.17 MJ Nm -3 , which sets an upper P H2 limit of 23.4 mol%. For unblended natural gas possessing a WI value of 51 MJ Nm -3 , increasing P H2 to the proposed value of 30 mol% results in a decrease of WI to 47.39 MJ Nm -3 , which is potentially too low to provide adequate appliance performance. Despite this shortcoming, the true acceptable lower-limit of WI remains debatable due to the nature of the existing threshold, which was imposed primarily to ensure stability of an appliance fuelled by unblended natural gas.
Conclusions
Through consideration of existing combustion theory, a multifaceted investigation has been conducted to evaluate the viability of hydrogen-enriched natural gas as a domestic fuel within the UK, without the need for changes in infrastructure such as domestic gas boilers, ovens and cooktop stoves. In addition to discussing the financial cost and environmental benefits of hydrogen-enrichment, the compatibility of the fuel with existing natural gas appliances has been explored. It has been shown that whilst hydrogen-enrichment acts to lower the calorific value of natural gas, it also augments the stability of a burner by suppressing the occurrence of flame blow-off, and prevents yellow-tipping by lowering the oxygenrequirements of the fuel. It is further argued that for ports less than 3.5 mm in diameter, HENG fuel containing as much as 50 mol% hydrogen may be ignited safely without risk of flashback, while flash-back upon extinction of the flame occurs only if the hydrogen proportion exceeds approximately 34.7 mol%. While the present work serves to illuminate the capabilities of HENG in present-day domestic appliances, there are other factors to consider if hydrogen-enriched natural gas is to be adopted nationwide, or even on a smaller scale. It is debatable, for instance, whether the additional cost of incorporating hydrogen into the nation's fuel supply would be sufficiently palatable to the public, despite the clear advantage in terms of associated reduction in carbon dioxide output. Nevertheless, to properly evaluate the virtues and shortcomings of a given proposed composition of hydrogenenriched natural gas, quantifying the physical effects of hydrogen-enrichment as a function of hydrogen percentage is a critical first step.
As part of the NaturalHy project discussed previously, modern domestic natural gas appliances were found to be compatible with hydrogen-enriched natural gas containing up to 20 mol% hydrogen, and, as part of a trial, this fuel was successfully supplied to real homes in the Ameland municipality. 13 Based on the results discussed in the present investigation, it is proposed that, allowing for an appropriate margin of safety, the hydrogen proportion may be further enhanced to as much as 30 mol%, yielding a hydrogenenriched natural gas composition that could reduce the carbon dioxide emission from domestic burner appliances by an estimated 11-18 %. Currently, such an increase would correspond to a decrease in total carbon dioxide emissions of just 1.0-1.6 % nationwide, which may not be deemed sufficiently beneficial to warrant the associated cost of hydrogen-enriching the domestic natural gas supply. It is important to remember, however, that these alterations have potential future benefits: most notably, when current natural gas appliances are replaced at the end of their expected lifespan of 10-30 years, 91 a pre-existing network able to support hydrogen distribution could conceivably expedite the manufacture and sale of HENG-compatible burners, in turn permitting an increased proportion of hydrogen-enrichment within the domestic natural gas supply. Despite the arguably modest offset in carbon dioxide emissions achievable at Please do not adjust margins
Please do not adjust margins present, therefore, a changeover from natural gas to HENG could nevertheless lead to much greater future savings. Having identified the potential benefits of hydrogenenrichment of a natural gas supply, as well as the corresponding limitations, the potential of hydrogen-enriched natural gas as a domestic fuel has been assessed in a quantitative manner. It has been shown that as much as 30 mol% of domestic natural gas may be substituted for hydrogen within the present-day infrastructure, facilitating a facile switchover of the supply without necessitating an expensive overhaul of existing household appliances. It is hoped that by evaluating the effects of hydrogen-enrichment on appliance operation and its impacts on both the environment and the end-consumer, the study will serve as a valuable resource for hydrogen-based energy policies as the international community continues its drive towards a less carbon-intensive energy future.
